Introduction
Sedimentation and solidification often occur simultaneously and their interaction can create microstructures that have functional gradients. The presence of particles and other inclusions can also trigger liquid solidification through either crystallization or polymerization. Examples include sedimentation in cross-linking pre-polymeric resin mixtures [1] [2] [3] [4] [5] [6] and in slushy fluids near their freezing points or freezing zones. [7] Examples of more concentrated suspensions where this is important include chip-underfill materials for flip-chip packaging [8] [9] [10] [11] [12] and in ceramic laser
The relative stability of chip-underfill composite materials was modeled as a function of glass filler concentration between 10 and 70 wt.-%, filler particle size (between 5 and 25 microns), and the curing temperature of the resin (150 vs. 180 8C), yielding different dynamic viscosity profiles. The stability was gauged using a modified sigmoidal chemorheology model for the dynamic viscosity, and incorporating the time-dependent viscosity into a model for Stokes' law of sedimentation. We also incorporated a hindered sedimentation term, due to filler concentration due to the higher loadings. Several important findings were observed. First, it appears to be the high concentration of filler that is maintaining the stability of these dispersions during cure. Smaller concentrations of the same particles were predicted to have a larger sedimentation velocity leading to stratification in the resin with time. Second, higher cure temperatures led to a shorter period of sedimentation in a pre-cured state and resulted in less sedimentation, even though there was probably a slightly smaller viscosity in the pre-cured condition. While these process models adequately describe the physics of the competitive processes of cure and sedimentation, a full picture may be incomplete without a larger determination of how this also affects polymerization shrinkage and residual shear stress upon cure.
sintered products dispersed with polymeric dielectric matrices and binders. [13, 14] The development of functionally-graded composites, whether intended or not, offers the potential to link transport models of particle movement in dispersions with physical models of dynamic chemorheology. This melding of physical models requires measurements or interpretations of how particle size, viscosity, and driving force are coupled during dynamic experiments.
The simplest sedimentation models have commonly invoked Stokes' law to describe particle concentration gradients, established by a driving force resulting from density differences (r p À r l ) between a fluid of viscosity, h 0 , and spherical particles of average diameter, D. [1, 15] Stokes' law also assumes no fluid-particle interactions, one-dimensional transport induced by gravity or other acceleration force, and constant viscosity. The dispersed particles (assuming that they are denser) experience a driving force to settle with a Stokes' velocity, given in Equation (1):
Where C e is a hindered settling factor associated with the volume fraction of particles and b is a constant, equal to 24 in the Stokes' creeping-flow regime. Later phases of sedimentation include transitional and compaction regimes, which are more sluggish than the Stokes' regime. The expression used here to account for hindered settling was the Richardson-Zaki relation, [9] C e ¼ ð1 À VpÞ À4:65 ,
where Vp is the volume fraction of particles. [16] For non-reactive dispersions with a constant viscosity during sedimentation, Stokes' settling is commonly observed. Sedimentation in more complex dispersions has also been tracked for Bingham fluids [17] [18] [19] [20] and other thixotropic fluids, such as magnetite suspensions and other magnetorheological fluids, [21, 22] clays and other polymer solutions [23] [24] [25] where non-Newtonian flow affects particle drag in solution.
Reviews by both Bicerano et al. [26] and Metzner [27] suggest that more-concentrated dispersion viscosity is more complicated. While Bicerno developed a particulate gelation concentration, above which dispersions display rigidity, models of reactive fluid viscosity changes during dispersion settling are less common. Among recent contributions to the literature are efforts to link sedimentation and solidification using a linearly increasing viscosity model, [28] which might apply at early stages of conversion, and a power law model which might be more widely applicable. [3] [4] [5] The alternative Boltzmann sigmoidal model, shown in Equation (2) for neat resins undergoing viscosity advancement, might be more representative of experimental results than the power law model: [29] [30] [31] log hðtÞ ¼ log
Where h 0 and h 1 are the initial and terminal viscosities, t 0 is an induction time required to achieve the midpoint between logh 0 and logh 1 , and Dt is a time constant associated with the rate of viscosity rise at t 0 . Here, we integrate results from chip-underfill resin conversion using a Boltzmann sigmoidal model for viscosity [31] to
Stokes' law using typical filler concentrations and process parameters to describe the relative dispersion stability.
Experimental Part
Earlier published experiments used crosslinking mixtures of glycidyl end-capped poly[(bisphenol A)-co-epichlorohydrin] and glutaric acid (Aldrich Chemical Company, Inc.) combined with a Novalac epoxy resin (LBR-6) and 1-cyanoethyl-2-undecyl-1H-imozolium trimellitate (C11Z-CNS). [12] The chemorheology experiments were originally carried out in a TA Instruments AR1000 rheometer using a parallel plate geometry stress rheometer at fixed curing temperatures (150, 160, 170 and 180 8C) to simulate the heating profile conducted in underfilling.
Datasets from published rheology experiments [12] were subsequently inputted into Microcal Origin TM , which has a fourparameter sigmoidal plot function included. The model incorporates as variables the initial and final viscosities, which are functions of the resin formulation, the corresponding network densities in the cured state, and two kinetic parameters, which are functions of the initiation and propagation steps associated with polymerization. We fixed the initial viscosity for the resin in our analysis [logh (Pa Á s) ¼ À2.2], based on prior results; given that the only formulation difference was the filler content, our modified four-parameter model had only three variable parameters [31] . Chip-underfill materials are often made from latent cure resins that require sufficient thermal heating to trigger network formation. One time constant, t 0 , we interpret as the time needed to trigger the 50% conversion from logh 0 . The second parameter, Dt, is a rate parameter that relates to the slope of the dynamic log viscosity curve at t 0 . A shorter Dt value would correspond to a higher rate of dynamic viscosity rise. These parameters have been determined previously for neat model chip underfill materials [31] and are included in Table 1 for polymerization at 150 and 180 8C. The variation in sedimentation was probed in simulations incorporating the time-and temperature-dependent viscosity using two different-sized particles, and three different dispersedparticle concentrations. From these simulations, sedimentation velocities were calculated and, assuming the velocity was constant for each time step, the movement was determined by multiplying the velocity at each step by the time interval and the cumulative movement was a summation for the simulated curing time. The scope of the analysis is included in Table 2 , highlighting the different cases we analyzed and each hindered settling parameter, C e , based on the Richardson-Zaki model.
Results and Discussion
With sedimentation comes a clarified zone which grows with increasing amounts of settling and time. The interface between the clarified zone and the remaining dispersion is called the mudline, and the following figures simulate how cumulative mudline movement varies as a function of the processing and formulation parameters described earlier.
If larger filler particles (25 mm) are used to reinforce these resins, significant settling is seen, as shown in Figure 1 . Typically, particles smaller than 25 mm are used and one can see why. Lower temperature processing (150 vs. 180 8C) leads to a longer induction time in which fillers are still mobile (a longer t 0 based on the sigmoidal model), yielding more clarification. The simulations also confirm why larger filler concentrations are more commonly used (60-70 wt.-%) for underfill resins, since sedimentation is more retarded at higher particle concentration. Typical underfill thicknesses are on the order of 100-500 mm, so larger particles have ample time to create a gradient in concentration between the top and bottom of the underfill zone. The results using the same simulation with smaller (5 mm) particles, where the driving force for particle sedimentation is lower, are shown in Figure 2 .
The justification for using larger concentrations of particles in chip-underfill materials is again confirmed by these results. There may be some intrinsic benefits in Table 1 . Model sigmoidal cure parameters based on Equation (2) for the underfill resins in ref. [12] cured at 150 and 180 8C. allowing some degree of controlled sedimentation to occur in chip-underfills. The inherent insulation resistance of the resin could be enhanced if there was a small zone of clarified resin near the top of the underfill zone. This gradient response could yield better electrical performance for components undergoing, for example, humidity cycling. Shrinkage could also be affected during underfill cure if there was variable sedimentation, which could impart a different residual stress state and affect fatigue resistance. The stress state is of the underfill in functional use is complicated enough even with a homogeneous distribution of particles; hence, a more complete understanding of what impact functional compositional gradients have on chip-underfilled devices is undefined.
Conclusion
The integration of the Boltzmann sigmoidal model for viscosity advancement with Stokes' law for sedimentation offers significant potential to accommodate predictions of dispersion stability and sedimentation potential in reactive resins that undergo a rise in viscosity during sedimentation. The integration of the models allows one to gauge how much filler content, filler size, and reaction kinetics affect dispersion stability. The integrated model has the potential to explain functional design issues, such as insulation resistance, based on sedimentation potential.
